Chemical traits are increasingly recognized as important cues used in mate choice. For example, the cuticular hydrocarbons (CHCs) of insects have been shown to influence mating success in a range of taxa. Less is known, however, about how CHCs are expressed in proportion to an individual's condition, and consequently whether CHCs can function as conditiondependent signals of quality. We investigated this question using the dung beetle, Onthophagus taurus. CHCs are subject to sexual selection in this species through mate choice. A dietary manipulation revealed condition dependence of CHC expression for both sexes: dietary restriction decreased overall CHC production and altered the composition of CHCs. Furthermore, CHC production was associated with a measure of condition in beetles fed a limited diet but not those fed ad libitum. These results implicate a resource cost to CHC production that is likely to result in trade-offs with other fitness components in this species, as these respond similarly to a dietary restriction. The CHC profiles showed sexual dimorphism: males produced more CHCs and the sexes differed in the blend of compounds they produced. There was evidence for a male dimorphism in the CHC profile, in line with the presence of the alternative reproductive tactics (minor sneaks and major fighters) in this species. However, rather than mimicking a female CHC profile, minor males differed more from females than major males. Our results suggest that CHCs are a costly trait in O. taurus that has the potential to act as a condition-dependent signal of quality.
Introduction
The opposing effects of natural and sexual selection are predicted to result in an optimum expression of male secondary sexual traits, where the benefits of increased mating success are offset by the costs to viability (Darwin, 1871; Fisher, 1930; Andersson, 1994) . If there is variation among males in their ability to bear the costs of a secondary sexual trait, the optimum expression level will also vary, with those males that possess more utilizable resources (in higher condition) better able to afford the costs of further trait exaggeration, and consequently developing a more exaggerated trait (Andersson, 1982; Grafen, 1990a; Biernaskie et al., 2014) . Under these circumstances, females that prefer males with the most developed trait will mate with males in high condition, potentially gaining material resources for reproduction or 'good genes' for their offspring (Zahavi, 1975; Nur & Hasson, 1984; Andersson, 1986; Grafen, 1990b; Rowe & Houle, 1996) . Condition dependence has been found in many secondary sexual traits, with examples ranging from behavioural (Kotiaho, 2002; Devigili et al., 2013) , colour (Kemp, 2008; Punzalan et al., 2008) , acoustic (Holzer et al., 2003; Hedrick, 2005) morphological (Bonduriansky & Rowe, 2005; Miller et al., 2016) and chemical (Chemnitz et al., 2015; Jensen et al., 2017) traits.
Although historically chemical traits have received less attention in studies of sexual selection than other forms of signal modalities (Andersson, 1994; Johansson & Jones, 2007) , they are increasingly being recognized as potentially important cues in mate choice (Wyatt, 2014) . For example, the cuticular hydrocarbons (CHCs) of insects are a class of compounds that have received considerable interest (Steiger & St€ okl, 2014) . CHCs form a complex, multivariate chemical trait secreted onto the cuticle of most insects (Blomquist & Bagn eres, 2010) . A number of studies have found an association between mating success and CHC expression, particularly in fruit flies from the genus Drosophila (Chenoweth & Blows, 2003; Van Homrigh et al., 2007; Curtis et al., 2013; Ingleby et al., 2014) to a lesser extent crickets (Thomas & Simmons, 2009 Steiger et al., 2013 , and more recently beetles (Lane et al., 2016) . There are also indications that CHCs may be costly; for example, there is evidence for a trade-off between egg and CHC production in several taxa (Schal et al., 1994; Wicker & Jallon, 1995; Blows, 2002; Holman, 2012) .
Despite the attention CHCs have received in studies of sexual selection, manipulative experiments testing for condition dependence are more limited. CHCs respond to manipulations of diet composition (Liang & Silverman, 2000; Otte et al., 2015; Ng et al., 2018) including diets of varying quality that presumably alter condition (Delcourt & Rundle, 2011; Gosden & Chenoweth, 2011; Weddle et al., 2012) . The response of CHCs to diets of different composition/quality can potentially reflect condition-dependent responses, and effects that are independent of condition. To isolate changes in CHCs that reflect variation in condition therefore requires a diet restriction or dilution treatment, which directly manipulates the pool of resources available to an individual. This protocol has revealed condition dependence of male CHCs in the fruit fly Drosophila melanogaster (Bonduriansky et al., 2015) , the decorated cricket Gryllodes sigillatus and the Australian field cricket, Teleogryllus oceanicus (Ng et al., 2018) . It remains an open question as to whether CHCs are condition-dependent across a broader range of taxa.
The dung beetle, Onthophagus taurus, provides an ideal system to investigate the condition dependence of CHCs. Studies of this species have documented condition dependence of sexually selected traits (Kotiaho, 2002; Simmons & Kotiaho, 2002; Knell & Simmons, 2010) , and a measure of condition (relative mass) is both genetically correlated with some of these traits and displays a high level of genetic variation (Kotiaho et al., 2001; Simmons & Kotiaho, 2002) . Male O. taurus exhibit dimorphic morphologies associated with alternative reproductive tactics; horned major males fight for access to females and offer parental provisions, whereas hornless minor males sneak copulations with females guarded by horned males (Moczek & Emlen, 2000) . During mate choice, females target males of high condition based on their courtship rate (Kotiaho et al., 2001) and receive reproductive benefits from doing so (Simmons & Holley, 2011) . Recently, female choice was found to target the male CHC profile in this species (Berson & Simmons, 2018) , prompting us to ask here whether O. taurus CHCs are condition-dependent. As O. taurus males display alternative mating tactics, we also examine whether the male dimorphism is reflected in variation in the CHC profile.
Materials and methods
Beetles were collected from a dairy farm located 60 km south-east of Perth, Western Australia. Mixed-sex cultures of these beetles were kept in 10-L buckets, threequarters filled with moist sand and held within a controlled temperature room set at 28°C on a 12-h day-night cycle. Beetles were fed ad libitum cow dung that had been collected from the same location, frozen and then thawed prior to feeding. To generate F1 offspring, male-female pairs were placed in 30 cm high by 9-cm-diameter PVC piping, three-quarters filled with moist sand and topped with cow dung. After 7 days, the sand was sieved to collect brood balls, each containing a single egg and the dung resources required for larval development. Brood balls were buried in moist sand in individual containers (5 9 8 9 8 cm). F1 beetles emerged approximately 3 weeks later. Upon emergence, beetles were kept in their individual containers, given fresh moist sand and assigned to either ad libitum food or food-limited treatments. These treatments resulted in 'high' and 'low' condition groups, respectively, and were based on previous studies examining condition dependence of other sexually selected traits in this species (Kotiaho et al., 2001; Kotiaho, 2002; Knell & Simmons, 2010) . Both ad libitum food and food-limited beetles were given one teaspoon (20 mL) of dung at 2 days and fresh sand at 7 days' post-emergence, but only ad libitum food beetles were given a second teaspoon of dung at 7 days. As beetles do not grow after their emergence as adults, our dietary treatment will affect the mass of beetles but not their size. All beetles were frozen at 12 days' post-emergence at the same time of day. Beetles were weighed prior to freezing, using digital scales. Beetles were kept at À16°C until CHC extraction. Post-CHC extraction, horn length (males only) and pronotum width were measured with a graticule under 1009 magnification using a Leica MZ6 dissecting microscope.
CHC characterization
To extract CHCs, individual beetles were immersed in 1 mL of hexane for 5 min. The hexane solution was then removed using a Pasteur pipette and placed into a 2-mL autosampler screw top glass vial. The samples were concentrated by evaporating off the hexane using a LABCONCO Centrivap Concentrator and then resuspending in 0.1 mL of hexane, vortexing and placing the solution in a 0.1-mL glass insert within its original vial. Samples were analysed using gas chromatographymass spectrometry (GC-MS) on an Agilent 7890 GC fitted with an Agilent 5975 MS Detector. The GC was operated using the splitless mode with helium as the carrier gas, fitted with a 20 m 9 150 lm 9 0.15 lm VF1 column, programmed with an initial temperature of 140°C held for 1 min and then ramped up at 5°C per minute until reaching 300°C for five minutes for a total run time of 38 min. Peaks were labelled according to their retention time and matched to previously identified compounds (Berson & Simmons, 2018) by their mass spectra and retention indices. Retention indices were assigned by comparing compounds to a known sample of n-alkanes (C 20 -C 30 ). Areas of each peak were found by integrating under the major ion of the compound using Agilent Mass Hunter. To quantitatively describe the major axes of phenotypic variation in the composition of each beetle's CHC profile, we first transformed the individual peak areas to logcontrasts using a log 10 transformation of their relative area divided by the relative area of n-tricosane. We added one to the ratio before log 10 transformation to allow for instances where peak values are zero (Neems & Butlin, 1995; Blows & Allan, 1998) . We then performed a principal component (PC) analysis on the correlation matrix of these logcontrasts, with only those PCs with eigenvalues greater than one and that individually explained ≥ 10% of the variation retained. As a measure of total CHC production, we calculated the sum of the absolute peak areas (the resulting values were log 10 transformed for analyses to ensure normality of model residuals). Using total CHC production allowed us to test whether individuals fed a restricted diet reduced their overall investment in CHCs, indicative of a resource cost to CHC production. We recognize that absolute peak areas will be subject to error from slight variation in CHC extraction procedures between samples and potential drift in the sensitivity of the GC-MS. However, to ensure that these sources of error did not result in any systematic bias, we randomized the order of extraction and GC injection across all samples. In this way, error variation in total CHC production associated with variation in CHC extraction and GC-MS sensitivity will be random across treatment groups/sexes and not contribute to differences between them.
Statistical analysis
To confirm that our diet treatment had an effect on condition, an ANCOVA was performed with mass as the response variable, treatment as the explanatory variable and pronotum width (as a measure of body size) as a covariate. To test if the sexes differed in their treatment response, the analysis was repeated with the addition of sex and its interaction with treatment as factors. We tested for a response to the dietary treatment and whether this response differed between the sexes for overall CHC production and CHC composition using linear models. Included in the models were the PCs and total CHC production as response variables, and treatment (ad libitum food vs. food limited), sex and their interaction as the explanatory variables. As relative mass has previously been identified as a biologically relevant estimate of condition in this species (Kotiaho et al., 2001; Simmons & Kotiaho, 2002) , we conducted a further test for condition-dependent CHC production using separate linear models for each treatment group, with total CHC production as the response variable, and mass and sex as explanatory variables, along with pronotum width as a covariate.
We used the methods of Eberhard & Gutierrez (1991) to determine the pronotum width that represents the switchpoint between the male morphs. Those males that had a pronotum width ≥ the switchpoint were classified as major males, with the remaining classified as minor males. Linear models were again used to determine whether the male morphs differed in their CHC profiles, with the PCs and total CHC production as response variables, and male morph (major vs. minor), treatment and their interaction as the predictors. To understand how any differences between the male morphs related to the CHC profile of females, we repeated the analyses using major male, minor male and female as independent levels of a sex/morph factor ('status') along with our treatment levels. Tukey post hoc tests were then used to determine which groups differed from each other. All analyses were performed in R version 3.3.3 (R Core Team, 2017) using the FactoMineR package for PC analysis (Lê et al., 2008) , the car package for significance tests (Fox & Weisberg, 2011) and ggplot2 for plotting (Wickham, 2009) .
Results
There was a significant relationship between body size (pronotum width) and body mass (F 1,110 = 345.70, P < 0.001; Fig. 1 ). Beetles on ad libitum food had a significantly greater relative mass than did food-limited beetles (F 1,110 = 261.48, P < 0.001; Fig. 1 ). There was no significant interaction of sex and treatment when included in the model (F 1,108 = 0.36, P = 0.548) nor of sex when the interaction was removed (F 1,109 = 0.56, P = 0.457). Access to dung during maturation feeding thereby had a significant effect on the condition of beetles, with ad libitum food beetles having greater relative body mass than food-limited beetles.
We analysed hexane washes from 20 females in each diet treatment, and 37 food-limited and 36 ad libitum food males. We retained two PCs from the principal component analysis that collectively explained 65.1% of the variation (Table 1) . Following Mardia et al. (1979) , we identified CHC logcontrasts as contributing significantly to a principal component if their eigenvector element was equal to or greater than 70% of the highest value. PC1 was weighted significantly by the Eigenvector elements shown in bold are those whose values are equal to or greater than 70% of the highest element. *The identifications of peaks 14 and 15 had previously been given as 8-methylhexacosane and 8,14-dimethylhexacosane in Berson and Simmons (2018) .
majority of methyl-branched compounds, particularly those of longer chain length. We thereby interpret this PC as representing relative investment in longerchained methyl-branched compounds. With the exception of n-pentacosane, PC2 was positively weighted by all alkanes, and we interpret this PC as representing relative investment in alkanes, although we note that the alkane of greatest abundance (n-pentacosane) is not included in this group. The ANOVA results from the linear models for PC1, PC2 and total CHC production are given in Table 2 . There were significant diet treatment and sex effects for PC1, PC2 and total CHC production. Beetles with restricted access to food produced a lower total amount of CHCs and displayed a CHC blend with relatively more longer-chained methyl-branched compounds (increased values of PC1) and less alkanes (lower values of PC2) than those fed ad libitum (Fig. 2) . Relative to females, males produced a greater total amount of CHCs and displayed a CHC blend with relatively more longer-chained methyl-branched compounds (PC1) and alkanes (PC2) (Fig. 2) . There was no significant interaction between diet treatment and sex for any model, indicating that male and female CHC profiles responded similarly to the diet manipulation. Removing the interaction made little difference to the remaining model terms so the results of the full models are presented.
There was a significant positive association between relative body mass and the total amount of CHCs produced by food-limited beetles (F 1,53 = 24.76, P < 0.001) but no significant association was found for ad libitum food beetles (F 1,52 = 2.53, P = 0.118). The total amount of CHCs produced is therefore positively associated with a measure of condition in this species, with the association only revealed under harsh conditions. The effect of sex on CHC production was significant in beetles supplied ad libitum food (F 1,52 = 7.46, P = 0.009) but not significant for those supplied limited food (F 1,53 = 3.75, P = 0.058).
A pronotum width of 5.08 mm was found to represent the body size switchpoint between major and minor males. This resulted in 19 food limited and 17 ad libitum food minors and 18 food limited and 19 ad libitum food majors. Table 3 presents the results of the models testing for differences between the morphs in their CHC profile. Two data points appeared as potentially influential outliers for tests of differences between the male morphs for PC1 and were removed for this analysis. There was no significant interaction between diet treatment and morph for any trait, Removing the nonsignificant interactions had little effect on the remaining model terms so the results of the full models are presented. Fig. 2 Least squares means from the models with total CHC production (total cuticular hydrocarbons, log 10 transformed), PC1 or PC2 as the response variables and sex, treatment and their interaction as the explanatory variables. Males are represented by triangles and females by circles. 0 1 8 ) 1 7 7 2 -1 7 8 1indicating that the CHC profiles of majors and minors responded similarly to the diet treatment. Removing the nonsignificant interaction term had little effect on the remaining model terms so the results of the full models are presented. There was a significant effect of morph on PC2 but no significant effect of morph on the total amount of CHCs produced nor PC1. Including the potential outliers for PC1 resulted in statistical significance of the morph effect (F 1,69 = 5.13, P = 0.027).
Repeating the analyses using both male morphs and females as independent levels of a sex/morph factor ('status') revealed no significant interaction term for any trait (all P > 0.3), so the interaction was removed before conducting the post hoc tests. There was a significant effect of 'status' for all three traits (PC1: F 2,107 = 4.17, P = 0.018; PC2: F 2,109 = 7.00, P = 0.001; Total CHCs: F 2,109 = 3.71, P = 0.028; Fig. 3 ), and Tukey post hoc tests revealed that this effect was driven by differences between minor males and females for PC1 (adjusted P = 0.013), minor males with both females (adjusted P = 0.001) and major males (adjusted P = 0.050) for PC2, and major males and females (adjusted P = 0.044) for total CHC production (the difference between females and minor males had an adjusted P = 0.069). In conjunction with visual inspection of Figs 2 and 3, these results indicate that the CHC blend produced by minor males contributed to the sexual dimorphism in the composition of the CHC profile.
Discussion
Using a dietary manipulation, we have found condition-dependent expression of CHCs in male and female O. taurus dung beetles. Beetles fed a restricted diet reduced their investment in CHC production and produced a different blend of CHCs compared to beetles fed ad libitum. We also found sexually dimorphic CHC expression, with males investing more heavily in CHC production than females, and the sexes differing in their CHC composition. Interestingly, the sexual dimorphism in CHC composition, but not overall CHC production, appeared to be driven to some extent by the CHC profiles of minor males. Our results provide evidence that CHCs are a costly condition-dependent trait that has the potential to signal mate quality in O. taurus. Our finding of a reduction in the overall abundance of CHCs under limiting dietary conditions implicates a resource cost of CHC production. A similar response to Table 3 Results of linear models with PC1, PC2 or total CHCs (log 10 transformed) as response variables, and male morph, treatment and their interaction as explanatory variables. Removing the nonsignificant interactions had little effect on the remaining model terms so the results of the full models are presented. *The results for PC1 are from the model that removed two outliers, the degrees of freedom for the F statistics from this model are 1,67. Fig. 3 Least squares means from the models with total cuticular hydrocarbon (CHC) production (total CHCs, log 10 transformed), PC1 or PC2 as the response variables and status (major male, minor male or female), treatment and their interaction as the explanatory variables. Females are represented by circles, major males by triangles and minor males by squares.
reduced nutritional availability has been found for several fitness-enhancing traits in O. taurus, including strength (Knell & Simmons, 2010) and courtship rate (Kotiaho et al., 2001) . The resources required for CHC production are likely taken from the same pool of resources as those required for these fitness traits, as all respond to dietary limitation in the same way as CHCs, with the potential for trade-offs between them. Furthermore, we found a significant relationship between an estimator of condition (relative mass) and overall CHC production in beetles that were fed a restricted diet but not in beetles that were fed ad libitum. This is expected where the difference in the marginal cost of increased trait expression between low-and high-quality individuals is increased under harsh conditions (Cotton et al., 2004) , and where benign conditions allow all individuals to maximally express a trait. We have previously found a pattern of disruptive sexual selection on male O. taurus CHC profiles and suggested that females may be using the composition of CHC compounds for compatibility-based mate choice (Berson & Simmons, 2018) . This may appear to contradict our claims of a potential role of CHCs in signalling mate quality. However, our previous investigation used beetles that had been supplied ad libitum food, which is likely to have obscured any correlation between CHC expression and individual quality (as was the case for ad libitum food beetles in the current study). Female O. taurus are known to benefit from targeting males of high condition as mating partners based on their courtship rate (Kotiaho et al., 2001; Simmons & Holley, 2011) . It is possible that females use CHCs in tandem with courtship rate in their assessment of male condition, as well as using CHCs to assess mate compatibility. Mate choice for compatibility and quality are not mutually exclusive (Colegrave et al., 2002) , and both can function within a single trait (Roberts & Gosling, 2003) . If CHCs are used as indicators of both compatibility and quality, we would expect directional and disruptive selection to be acting on them. Our finding that the association between condition and CHC expression is only revealed under limited dietary conditions suggests that future tests for directional selection on O. taurus CHCs will benefit from the use of individuals fed a limited diet.
Consistent with the action of directional sexual selection on male CHCs, males produced a greater abundance of compounds relative to females. Under some circumstances, this increased CHC expression in males is predicted to result in an increase in their sensitivity to changes in condition (Cotton et al., 2004) , a result not found here (there was no significant sex 9 treatment interaction). However, increased expression of a trait does not necessarily mean it will become more condition-dependent, as an increase in sensitivity to condition depends on an increase in the differential cost of further trait expression between low-and high-quality signallers, rather than the overall cost of trait production (Johnstone et al., 2009) . It is also possible that the costs of increased CHC production are greater for females, as could result from a trade-off between CHC and egg production (Schal et al., 1994; Wicker & Jallon, 1995; Blows, 2002; Holman, 2012) . This raises the possibility that the sexual dimorphism observed in CHC production is not a result of an exaggerated male CHC profile, but reduced expression in females due to their higher costs of CHC production. It is possible that both male and female CHC profiles act as costly condition-dependent signals of quality, but female CHC profiles have a reduced expression due to a trade-off with egg production. Alternatively, both exaggerated male expression and reduced female expression may be the cause of the observed sexual dimorphism, as has been found for plumage brightness among birds (Dale et al., 2015) .
We found some evidence for a difference in the CHC blend of minor and major males. Female mimicry of the CHC profile by males displaying an alternative mating tactic has been reported for the tropical ant, Cardiocondyla obscurior (Cremer et al., 2002) . As O. taurus major males are able to distinguish minor males from females and respond to their presence (Hunt & Simmons, 2002) , female mimicry in the CHC profile of minor males was not expected, nor was it found. Rather, minor males produced a blend of CHCs that differed more to that of females than did the blend of compounds produced by major males (Fig. 3) . It is possible that the variation in CHC profiles between minor males and major males/females is related to variation in behaviour and associated desiccation risk. Along with influencing mating success, CHCs also provide a barrier to water loss in insects (Chung & Carroll, 2015) . Unlike major males and females, minor males do not spend time in the dung pat assisting in the provisioning of brood balls (Hunt & Simmons, 1998) but rather spend more time excavating side tunnels to enter the breeding chambers of provisioning females (Emlen, 1997; Moczek & Emlen, 2000) . It is possible that these behavioural differences result in minor males spending more time exposed to desiccation pressures. One potential explanation for the CHC dimorphism is that selection may have favoured minor males that produce a CHC profile of improved water-proofing properties to suit their alternative mating tactic. Alternatively, sexual selection on CHCs may be stronger for minor compared with major males, resulting in a more 'exaggerated' CHC profile for minor males. However, previous studies on O. taurus have failed to find an association between mating success and horn length/male morph (Kotiaho, 2002; McCullough & Simmons, 2016) , suggesting that the overall strength of mate choice-mediated sexual selection does not differ between the male morphs. How the different blends of compounds produced by the two male morphs is related to the water-proofing/ attractiveness properties of their CHC profiles is currently unknown, and further work is required to reveal if any such associations exist.
In conclusion, we have shown that O. taurus CHC expression is condition-dependent, and that the CHC profiles of both sexes respond similarly to a restricted diet. Further work is required to understand how the plasticity of CHC expression affects mate choice in this species, particularly if/how CHCs are used as indicators of mate quality. We suggest that investigations of the role of CHCs in mate choice will benefit from using individuals fed a restricted diet, as this may reveal an association with condition otherwise obscured by benign laboratory conditions. Our study adds to the growing body of literature examining the role of chemical traits in mate choice and suggests that CHCs have the potential to act as costly signals of mate quality.
